The realization of large powerful all-solid-state batteries is still hampered by the availability of environmentally friendly and low-cost Li ion conductors that can easily be produced on a large scale and with high reproducibility. Advanced solid electrolytes benefit from fast ionselective transport and non-flammability, but they may have low electrochemical stability with respect to Li metal. Sol-gel-synthesized lithium titanium aluminum phosphate Li 1.5 Al 0.5 Ti 1.5 (PO 4 ) 3 (LATP), which was prepared via a new synthesis route taking advantage of an annealing step at relatively low temperatures, has the potential to become one of the major players in this field although it may suffer from reduction upon direct contact with metallic lithium. Its ion dynamics is, however, as yet poorly understood. In the present study, 7 Li nuclear magnetic resonance (NMR) spectroscopy was used to monitor the key Li jump processes on the atomic scale. NMR relaxation clearly reveals heterogeneous dynamics comprising distinct ultra-fast and slower diffusion processes.
Introduction
It is hoped that the continuing demand for efficient electrochemical energy storage systems will be met, at least in the medium term, by rechargeable Li-based batteries that include, in particular, Li metal batteries with high energy densities. [1] [2] [3] [4] [5] [6] [7] Considering the conventional lithium-ion battery technology, great effort has been devoted to enhancing power, capacity, lifetime, and safety. Besides incremental improvements to existing systems, the availability of suitable solid electrolytes [8] [9] [10] [11] [12] [13] is advantageous because of two considerations: (i) abandoning of highly flammable liquid electrolytes is expected to greatly improve safety and longevity, i.e., to reduce aging processes; and (ii) the suppression of Li dendrite growth by making use of solid electrolytes working as both dense inorganic membranes and separators would allow the use of metallic Li as the anode material, instantly multiplying current energy densities. Moreover, fast solid ion-conductors may take over the same function in Li/sulfur batteries as well as in non-aqueous, and possibly even aqueous, Li/oxygen batteries. Even without the use of Li anodes, all-solid-state batteries may be advantageous in (hybrid) automotive applications because they can easily withstand higher operation temperatures.
14 This also includes the use of industrial waste heat in stationary energy storage systems. Compared with the conductivity of liquid electrolytes, ion transport in solid electrolytes is often one order of magnitude slower and is regarded as one of the main drawbacks. Therefore, either thinner membranes or higher operation temperatures, e.g., 80 1C, would be beneficial.
Research on solid electrolytes focuses on a wide range of materials including, in particular, various sulfides [15] [16] [17] [18] [19] [20] and garnet-type oxides. [21] [22] [23] [24] Although we have witnessed remarkable progress over the last few years, the optimum compound has not been found yet. Only a few materials have been identified whose ionic conductivities are on par with those of liquid electrolytes. 16, [18] [19] [20] [21] [25] [26] [27] [28] [29] In our opinion, the renewed interest in Li-containing titanium aluminum phosphates (LATP) might boost research on solid Li ion electrolytes to a new level. 25, [30] [31] [32] To some extent, the present electrolytes suffer from the disadvantages of high-temperature synthesis routes, reproducibility issues concerning stoichiometry and defect chemistry, blocking grain boundaries, metastability, or even electrochemical instability. In contrast to garnet-type electrolytes, LATP-type compounds can be prepared more simply and with higher reproducibility because of the lower sintering temperatures needed (900 1C vs. temperatures higher than 1100 1C). 27 This directly prevents Li loss and ensures that the bulk and intra-grain properties are controlled more effectively. Combined with a high ionic conductivity, electrochemical robustness with respect to Li, e.g., through the application of protection layers, and negligible electronic conductivity, LATP-based compounds are expected to perform best among the electrolytes studied so far. Apart from the conduction pathway, little is known, however, about the elementary steps of Li ion hopping, which govern bulk ion transport and which are the key properties of a powerful electrolyte. An elegant way to study slow and very fast bulk ion dynamics is provided by the use of Li nuclear magnetic resonance (NMR) spectroscopy, i.e., by NMR line shape and relaxation measurements. 10, 33, 34 Since NMR is a contactless method, there is no need for special sample preparation; powder samples can be used that have been stored under an inert gas atmosphere, i.e., fire-sealed in small glass ampoules.
In the present study, we chose Li 1+x Al x Ti 2Àx (PO 4 ) 3 with x = 0.5 as one of the most promising compounds of the LATP family 25 to study bulk ion conductivity in depth. The sample with mm-sized crystallites was prepared by a novel sol-gel method that allowed us to control the composition and morphology of the product obtained (see below). Importantly, the low sintering temperatures prevent, in particular, Li loss during the final annealing step. Rhombohedral Li Fig. 1 ) and to a lesser extent M3 sites. 35 In a recent neutron diffraction study it was found that in LATP, besides M1, Li ions occupy a position close to M2 but displaced towards b, therein denoted as M2 0 . 36 The replacement of Ti 4+ by Al 3+ ions needs extra Li ions for charge compensation and these ions occupy the interstitial voids. 29, 37, 38 This enhancement of the number of charge carriers directly affects Li ion dynamics.
In the case of Li 1.5 Al 0.5 Ti 1.5 (PO 4 ) 3 we found an exceptionally high Li ion diffusivity. NMR relaxometry (see below) revealed several diffusion-induced rate peaks that definitely point to complex ion dynamics. The very low activation energies deduced (0.16 eV), which we reliably assigned to Li ion translational motion, are in excellent agreement with those recently predicted theoretically. 39 The superposition of several diffusion processes gradually activated with increasing temperature results in an overall Li diffusivity that is in between those of Al-stabilized garnet oxides 21, 23, 24 and argyrodite-type sulfides. 40, 41 The latter, together with the various compounds of the Li 10 GeP 2 S 12 group, 16, 18 represent the fastest ion conductors studied over the past few years. 18, 42 While sulfides are highly hygroscopic, garnet oxides may suffer from reproducibility problems with respect to purity, composition and morphology because of the higher annealing temperatures needed. In contrast, LATP-based electrolytes might be advantageous in terms of preparation and device fabrication.
Experimental
For the preparation of Li was added to the solution and a sol was immediately formed. Stirring was continued for another 0.5 h. After about 1 h, a stiff gel was spontaneously obtained. The gel was dried, calcined and milled in ethanol with zirconia balls on a milling bench. The ball-milled powder was put into a cylindrical pressing mold and pressed at a uniaxial pressure of 100 MPa. The pressed pellets were then sintered at 900 1C. White samples with a pure rhombohedral phase were obtained after sintering. The density of the pellets was over 95% of the theoretical density. More information can be found elsewhere. 43 Bulk ion dynamics on the angstrom length scale was studied using various time-domain 7 Li NMR techniques including, in particular, variable-temperature spin-locking relaxometry. This allowed an unprecedented investigation of Li ion translational dynamics on different time and length scales. The measurements were conducted using an Avance III 300 solid-state NMR spectrometer connected to a 7 T cryomagnet (Bruker BioSpin); the nominal Larmor frequency o 0 /2p was 116 MHz. We used the spin-lock technique and the saturation recovery technique to record longitudinal (R 1 1/T 1 ) as well as transversal spinlattice relaxation (SLR) rates (R 1r 1/T 1r ) by applying short NMR excitation pulse lengths on the order of 2 ms. [44] [45] [46] Additionally, preliminary impedance measurements were performed using the Concept 80 system (Novocontrol), providing a frequency range of 3 mHz to 20 MHz; for further details of the setup we also refer to earlier publications.
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Results and discussion
Our NMR line-shape analysis provides first insights into Li ion dynamics that can be made visible by averaging the dipolar magnetic and electric quadrupolar interactions. Recorded 7 Li NMR spectra are shown in Fig. 2a . At low temperatures they are composed of a dipolarly broadened NMR central line, which is best described by a Voigt profile, and a broad quadrupole component with a width of ca. 24 kHz at 185 K (see the corresponding echo spectrum in Fig. 2a) . The line width of the central line decreases with increasing temperature due to the averaging of dipole-dipole interactions. Furthermore, at T 4 200 K the broad quadrupole component has transformed into sharp satellite intensities; at 300 K the corresponding distinctly shaped powder pattern is fully developed. Since 7 Li is a spin-3/2 nucleus, the 901 singularities result from the interactions of the nuclear quadrupole moment with a non-vanishing electric field gradient (EFG) at the nuclear site. The appearance of an averaged powder pattern at higher T directly reveals rapid Li diffusivity. From the position of the singularities at 296 K, a quadrupole coupling constant of C Q ( 7 Li) E 45.4 kHz can be deduced if we assume an averaged EFG with axial symmetry. The value of C Q is to some extent dependent on T since various diffusion processes are activated stepwise with increasing temperature (see below). This behaviour is well known in the literature and belongs to the so-called 'universalities' in NMR line narrowing. lattice line width of several kHz, full averaging is reached if the corresponding jump rate exceeds this value; thus, we have to deal with rates on the order of 10 4 s À1 at approximately 200 K.
The extraordinarily high Li diffusivity that leads to homonuclear dipole-dipole averaging is perfectly confirmed by the SLR NMR rates R 1(r) recorded in both the laboratory and the rotating frame of reference. 52 We used the recorded SLR data to quantify the diffusion processes in terms of activation energies and diffusion coefficients. In Fig. 3 the characteristic diffusion-induced rate peaks are displayed using an Arrhenius representation; the corresponding stretching exponents g are also shown. While almost exponential transients were obtained in the case of R 1 , g of the transients in the rotating frame takes values of ca. 0.6 at low T. Most likely this is due to the coupling of the Li spins with paramagnetic centers as pointed out by Tse and Hartmann. 53 With increasing T, g(R 1r )
passes through a minimum that corresponds to the maxima in R 1r . This feature has also been observed for other Li ion conductors, see, e.g., ref. 40 . In the high-T limit the transients attain values of almost 1. This temperature behavior might point to heterogeneous dynamics, i.e., spin reservoirs with distinct ion dynamics; further experiments are, however, needed to clarify the origins of the temperature dependence of the stretching exponents.
Coming back to the relaxation rate peaks shown in the lower part of Fig. 3 , the jump rates at the temperatures of their maxima are on the order of 10 8 s À1 and 10 4 s À1 depending whether the measurements were performed in the laboratory frame or in the rotating frame. The data seem to suggest three distinct relaxation processes in the accessible temperature range, as evidenced by the number of maxima marked by A, B, and C in the figure. The process reflected by maximum C is only partially observable in the rotating frame at T Z 600 K. The peak might reflect Li motion along a separate diffusion pathway that is activated at elevated temperatures only. Alternatively, it could represent rotational dynamics of the [PO 4 ] or [TiO 6 ] polyhedra. Further studies are needed to clarify this slow motion process. In contrast, the relaxation rate peaks A and B in both frames of reference are attributed to translational Li + hopping; they can be best described as a sum of two individual BPP-type expressions R 1 = R 1,A + R 1,B and R 1r = R 1r,A + R 1r,B , respectively. According to NMR relaxation theory the proportionality of the summands is given by the following expressions:
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For isotropic, random 3D jump relaxation processes, the underlying spectral density function J(o) can be expressed by 56 
JðoÞ
b = 2 results in symmetric relaxation peaks. Indeed, the data in the rotating frame of reference fulfill this behaviour and point to a quadratic frequency dependence. The spin-lattice relaxation rates in the laboratory frame, however, exhibit an asymmetry best described by a lower value for the parameter b. Here, b = 1.66 reproduces the lower slope of the low-temperature flank and accounts for correlation effects accessible in the timeframe of these experiments. The correlation rate t c À1 , being the key parameter in this study, is of the order of the Li + jump rate; its temperature dependence is, in the simplest case, described using an Arrhenius relation
where E a denotes the activation energy of the diffusion process, k B Boltzmann's constant and t 0 À1 the pre-exponential factor.
At first glance, the following might be assumed: the peak pair A could be the result of dipolar Li spin relaxation in the immediate vicinity of paramagnetic centers, which would cause a relaxation shoulder of the main rate peak B. Such a behavior has been observed for several glasses by Müller-Warmuth and co-workers. 57 Since, however, a pronounced paramagnetic background relaxation is absent for the R 1 rates, we exclude this possibility of explaining the two rate peaks observed. Moreover, the corresponding R 1 rate peaks are well separated on the inverse temperature scale. Hence, we attribute the two observed peak maxima A and B to two dynamic processes that represent 39 Such trapping effects would result in diffusion processes being activated at elevated T.
In order to extract the underlying diffusion parameters associated with the relaxation peaks, a global fit analysis was performed. Here, the rates R 1 and R 1r are analyzed simultaneously, i.e., by linking E a and t 0 À1 that give rise to each peak.
The resulting joint fits are shown as solid lines in Fig. 3 23 Considering the activation energies from both NMR (0.16-0.17 eV, low T range) and impedance spectroscopy (0.26 eV) there are, at first glance, discrepancies, which can easily be understood in terms of a heterogeneous potential landscape to which the ions are exposed. In contrast to SLR NMR, which is sensitive to ion dynamics on the angstrom length scale, thus sensing activation barriers between next neighboring Li sites, impedance (or conductivity) spectroscopy probes long-range motions considering conductivities in the low-frequency range. The latter can be identified with DC values. Long-range ion transport through the crystal lattice is characterized by 0.26 eV, which is a mean value of all the barriers the ions have to overcome. Obviously, this also includes those which appear in SLR NMR at higher temperature, see peak C in Fig. 3 Fig. 4 provides a succinct way to compare the diffusivities of the three samples via spin-lock NMR relaxometry. Since the rates shown were compared at similar locking frequencies, the position of the peak maxima directly reflects the extent of Li ion diffusivity. The more the peak is shifted towards lower temperatures the Fig. 4 Comparison of the 7 Li NMR SLR rates R 1r shown in Fig. 2 higher is the Li ion mobility. Li 6 PS 5 Br can be identified as the compound with the highest Li-ion diffusivity (T max = 167 K, 0.20 eV) and the garnet Li 6.6 La 0.3 Zr 1.6 Ta 0.4 O 12 that with the lowest (T max = 307 K, 0.34 eV). The diffusivity of our LATP sample lies between the other two with respect to the relaxation process B (or even A). Hence, in terms of Li ion transport, the phosphate clearly shows superior properties as compared to oxide garnets.
Summary
To conclude, by making use of spin-lock and spin-lattice relaxation 7 Li NMR we were able to directly analyze bulk Li ion diffusivities in polycrystalline Li 1.5 Al 0.5 Ti 1.5 (PO 4 ) 3 which is expected to be one of the next-generation solid electrolytes for Li-based batteries. The Li ion diffusivity in Li 1.5 Al 0.5 Ti 1.5 (PO 4 ) 3 is extremely high and can easily compete with that of sulfide-based electrolytes, which, however, may suffer from hygroscopic properties that complicate both preparation and processing on a commercial level. 7 Li NMR relaxometry revealed several distinct diffusion processes pointing to a complex overall diffusion mechanism. The activation energies obtained (0. 39 This is one of the first important steps towards fully understanding the underlying ion transport mechanisms in lithium aluminium titanium phosphates.
